Studies of delayed electroluminescence in highly efficient fluorescent organic light-emitting diodes (OLEDs) of many dissimilar architectures indicate that the triplet-triplet annihilation (TTA) significantly increases yield of excited singlet states-emitting molecules in this type of device thereby contributes substantially to their efficiency. Towards the end of the 2000s, the essential role of TTA in realizing highly efficient fluorescent devices was widely recognized. Analysis of a diverse set of fluorescent OLEDs shows that high efficiencies are often correlated to TTA extents. It is therefore likely that it is the long-term empirical optimization of OLED efficiencies that has resulted in fortuitous emergence of TTA as a large and ubiquitous contributor to efficiency. TTA contributions as high as 20-30% are common in the state-of-the-art OLEDs, and even become dominant in special cases, where TTA is shown to substantially exceed the spin-statistical limit. The fundamental features of OLED efficiency enhancement via TTAmolecular structure-dependent contributions, current density-dependent intensities in practical devices and frequently observed antagonistic relationships between TTA extent and OLED lifetime-came to be understood over the course of the next few years. More recently, however, there was much less reported progress with respect to all-important quantitative details of the TTA mechanism. It should be emphasized that, to this day and despite the decades of work on improving blue phosphorescent OLEDs as well as the recent advent of thermally activated delayed fluorescence OLEDs, the majority of practical blue OLEDs still rely on TTA. Considering such practical importance
Introduction
Since their invention [1] in the late 1980s, organic light-emitting diodes (OLEDs) showed remarkable improvements in all characteristics related to their usability. Considering that the OLEDs can be broadly classified as energy conversion devices, or, more specifically, devices transforming electric power into light (unitless), the power efficiency of such a conversion is one of their primary characteristics, along with durability and emission colour. Operating voltageone of the two primary constituents of power efficiency-is obviously just as important with respect to overall power efficiency as quantum efficiency, which is commonly defined as the unitless ratio of created or emitted photons to injected electrons.
Currently, it is typical for the various state-of-the-art OLEDs to operate at voltages close to the thermodynamic limit, which is determined by the weighted average wavelength of emitted light. It is worth mentioning that, because the operating voltage is related to the current density, which itself is dictated by fairly subjective and ever-changing design considerations of target luminance of practical devices, closeness to the thermodynamic limit is also somewhat arbitrary. Nonetheless, considering steep relationships between voltage and current density typically observed in OLEDs, as well as a limited range of maximum luminances required for practical applications, operating voltages within a few volts of a thermodynamic limit are often considered to be 'close' to the theoretical limit. Furthermore, although minor reductions in operating voltages can be frequently achieved through specific device structure optimization involving, for example, transport and injection material selection, such improvements may be associated with some undesirable side effects, such as a decline in device durability [2] [3] [4] . Fine details aside, there is clearly a striking improvement in operating voltages of OLEDs when compared, for example, with approximately 6.5 V and approximately 14 V values at 20 mA cm −2 for the first examples of, respectively, small molecule-based [1] and polymer-based [5] devices, both emitting green-yellow light with an average photon energy slightly above 2 eV.
In a similar manner, the efficiency of OLEDs has been greatly enhanced by more than two decades of intense research and development. From the early days of OLED development, the quantum efficiency was intended to serve as a consistent measure of how well injected carriers are converted into photons. However, in the absence of a readily accessible and reliable method of measuring photon generation rates within the active medium, quantum efficiencies are typically reported in a form of external quantum efficiency (EQE), which includes an outcoupling termthe ratio of photons emitted from the device to the total number of photons produced. A relatively high refractive index of the organic medium is responsible for the outcoupling term being substantially below unity-usually estimated to be in the 0.2-0.3 range. Because only an approximate value of the outcoupling term is usually known for a given device structure, efficiency comparisons between dissimilar devices should be interpreted with caution. There are also additional sources of uncertainty in commonly reported EQE values due to technical details of measurement and related assumptions. For example, EQE values are frequently obtained by measuring the photon flux in the normal direction only and extrapolating the total photon output based on the assumption of the Lambertian nature of an OLED radiator. However, the significant deviations from Lambertian behaviour are relatively common in OLEDs and, considering that a normal measurement samples only a minor fraction of light emitted by a device, there may be substantial errors in EQE values obtained in this manner. More appropriate methods to measure total light emitted by a device in question include using an integrating sphere directly or interpolating an experimental angle profile for the device in question. The first organic electroluminescent devices showed EQEs of the order of 1% and 0.05% for the small molecule-based and polymer-based devices, respectively [1, 5] . To understand the magnitudes of these experimental values, it is instructive to treat EQE as a product of several separate terms [6] ,
where η ext is the optical outcoupling, approximately related to the refractive index of the emissive medium n (η ext ∼ 0.5 n −2 ), φ l is the luminescence quantum yield, η r is the probability of formation of an emissive excited state in a recombination event, and γ is the charge-balance factor, which is essentially the fraction of total current that results in recombination. It is noteworthy that the φ l term refers to an operating device and, as such, is decreased by various dynamic quenching processes due to the presence of charge carriers and electronically excited molecules. Depending on the multiplicity of the emissive state, OLEDs are normally classified into two types: the fluorescent devices, where the emissive state is excited singlet, and the phosphorescent devices, where the emissive state has triplet or higher multiplicity. Considering that spin statistics dictate a 3 : 1 ratio between triplet-and singlet-yielding recombination events, the η r term is frequently assumed to be 0.25 for fluorescent devices and 1.0 for phosphorescent devices, which may be expected to result in 4× lower efficiencies of fluorescent devices on average. Such a putative shortcoming of fluorescent OLEDs may be expected to make them undesirable in practical applications. Nonetheless, due to the superior durability and emission colour they are still essential in many cases, particularly where a blue colour component is required. Figure 1 depicts the evolution of efficiencies of fluorescent OLEDs since their invention. The efficiency gain is quite remarkable-more than an order of magnitude-and, because it has an appearance of a smooth mathematical function such as geometric progression, it may be (incorrectly) interpreted as an indication of monotonous incremental improvements in OLED materials and architectures without radical changes in the mechanism of operation. However, equation (1.1) predicts a maximum EQE of only approximately 5% in the fluorescent OLEDs [6] . Even taking a dramatically higher estimate for optical outcoupling, the maximum EQE is predicted to be below 10% in an ideal fluorescent OLED devoid of any significant loss processes. Hence, it became clear after the mid-2000s that the experimental observations quite significantly surpass even the most generous theoretical predictions. Considering that equation (1.1) works quite well for earlier OLEDs, there must be a radical change in the operating mechanism, negating one or more assumptions about its terms. And because the only term of equation (1.1) not already maximized in predicting the maximum EQE of fluorescent device predictions was η r -the probability that an emissive excited state is formed in a recombination event-the experimental results strongly suggest that the fluorescent OLEDs may generate substantially more than 25% of emitting states-excited singlets-per recombination event.
Evolution of efficiencies of fluorescent organic light-emitting diodes
The recombination of charge carriers in OLEDs is a process involving two initially uncorrelated doublet states, which usually are spatially localized radical cations and radical anions in organic dielectric materials. Spin statistics dictate that the initial product of their encounter will have 25% probability of having singlet multiplicity and 75% probability of having triplet multiplicity. This ratio is the reason η r was assumed to be 0.25 in the classical estimates of OLED efficiency. Aside from the theoretical considerations, the 3 : 1 ratio was also experimentally demonstrated by Baldo and co-workers [13] in an archetypal small molecule-based device.
However, the transformation from the initial encounter to final products of recombination may not be a simple, spin-multiplicity-preserving process. By way of illustration, consider recombination between the radical cation of a common hole-transporting material NPB (N, N'-diphenyl-N, N'-bis (1-naphthyl 'classical' estimates of maximum efficiency (i.e. singlets only) EQE (%) Figure 1 . Evolution of the efficiencies of the fluorescent OLEDs [1, [7] [8] [9] [10] [11] [12] . (Online version in colour.)
and the HAT-CN lowest unoccupied molecular orbital (LUMO) energy levels, a heterojunction formed by these two materials is capable of dark generation of mobile charges in moderate electric fields, a process that is frequently used in practical OLEDs to generate holes. The reverse reaction is a typical recombination process, with one distinctive feature: the same close alignment of energy levels that allows dark charge generation also unavoidably precludes recombination from producing any electronically excited states of the molecules involved in a recombination event.
In fact, the only electronic states energetically accessible as final products of such recombination are the ground singlet states. Therefore, the yield of singlets is 100% and the yield of the emissive excited state (η r ) is 0%. Although this example neither explains high efficiencies nor suggests the possibility of higher-than-expected yields of the emissive singlets, it clearly demonstrates that the spin-statistical 3 : 1 ratio can be drastically perturbed, for example, by the energetic factor. In fact, the deviations resulting in an increased yield of singlet excited states have also been proposed to occur in polymer electroluminescence as early as 1999 [14] . Although these initial findings were supported by soon-followed experimental and theoretical work [15, 16] , more recent studies suggest that the excited singlet yield of recombination is unlikely to exceed 25%. For an in-depth summary of the fascinating evolution in understanding the recombination yield in polymeric materials the reader is directed to a recent review [17] .
With 25% recombination yield of excited singlets, the only plausible explanation of substantially-above-the-estimate efficiencies of fluorescent devices requires some form of postrecombination conversion of triplet states into emissive singlet excited states. In principle, the possible mechanisms can be classified into two groups: (i) intersystem crossing, involving oneto-one conversion of triplets into excited singlets, thus summarily producing up to 100% excited singlets, and (ii) triplet-triplet annihilation (TTA; also known as triplet fusion), which requires a minimum of two triplet states to produce one singlet excited state. As first shown by Deaton et al. in 2010 [11] , the former mechanism is indeed capable of producing fluorescent OLEDs with remarkably high efficiency (above 16% EQE), which is comparable to the efficiency of a typical phosphorescent OLED [11] . Later, Adachi and co-workers [12] delayed fluorescence) for the mechanism. However, the TADF-based OLEDs require emitting molecules with relatively unusual photophysical properties, most particularly a small energy gap between the emissive singlet state and the triplet state populated by recombination. Because the emitters with a small singlet-triplet energy gap do not only readily undergo thermally activated upconversion, but also possess undesirably low oscillator strengths for the radiative transition between the excited singlet and ground states, the OLED emitters used in practical fluorescent devices prior to 2010 were unlikely to benefit significantly from the TADF mechanism.
Another possible mechanism of one-to-one conversion of triplets into singlets was proposed by Baldo and co-workers [18] . Rather than employing molecules with a small energy gap between the lowest molecular excited states of triplet and singlet multiplicity, this approach exploited the possibility of an intersystem crossing step prior to the formation of molecular excited states. Under certain conditions, the charge-transfer (CT) states formed from localized radical ionscharge carriers-may have small singlet-triplet energy gaps, fast intersystem crossing rates, an excited singlet state below that of the respective triplet, and a faster rate for relaxation of the singlet CT state to the molecular excited singlet state than the analogous process in the triplet CT state. The potential advantage of this approach is that implementing a small energy gap in CT states may not require specially designed molecular structures. On the other hand, the effectiveness of such a conversion hinges on intersystem crossing outcompeting internal conversion. Therefore, a 'mixing layer' containing heavy atom molecules to enhance spin-orbit coupling and increase the intersystem crossing rate was proposed. Although some promising results were initially shown, there is no experimental evidence so far that this process may contribute significantly in efficient fluorescent OLEDs.
Early evidence of triplet-triplet annihilation in fluorescent organic light-emitting diodes
In contrast to the enhancement mechanisms outlined above, there is no fundamental reason why the TTA mechanism would require drastically altered structure and properties of emitting molecules or adjacent materials relative to normal OLED design rules, e.g. a high radiative rate and quantum yield of fluorescence. Hence, the fortuitous TTA processes could explain a substantial part of the curve depicted in figure 1 . In fact, observations of delayed fluorescence in organic solids and the TTA mechanism as its plausible source predate the invention of OLEDs by several decades (for a review of an early work, see [19] ). Hence it may be somewhat surprising that the first suggestion of the TTA-related enhancement of the efficiency of fluorescent OLEDs appeared only in 1998 [7] . The higher-than-expected EQE at unconventionally high current densities in doped Alq 3 -based OLED led authors to propose the TTA as a source of the observed enhancement. A few years later Ganzorig & Fujihira [20] reported qualitatively similar enhancement also in an Alq 3 -based device. Although the maximum efficiency was relatively low, presumably due to the absence of an efficient emitter, the substantial component of the luminance was found to scale quadratically with current density, suggesting a bimolecular process such as TTA. It is noteworthy that, although the authors do not point that out specifically, the persistence of a quadratic dependence at high current densities necessarily means that the putative TTA component is only a minor channel of consumption of triplets. Otherwise, the concentration of triplets would be expected to scale approximately as the square root of current density and the TTA contribution would scale approximately linearly with current density. The same year Sinha & Monkman [21] reported observations of the delayed fluorescence in electroluminescence of polymer-based devices. Based on the kinetics of the decay at different temperatures, the delay emission was interpreted as a manifestation of the TTA mechanism. Interestingly, the nearly-second-order decays even after a 50 µs delay suggest that TTA is a major pathway of triplet consumption. This implies that the intensity of the TTA-related emission must be a very substantial component of total electroluminescence. Unfortunately, no experimental data were provided to confirm this feature. From studies of electroluminescence in crystalline anthracene it is known that the TTA process may have a characteristic response to the magnetic field. It naturally follows that the similar magnetic field effects on OLED emission can be expected if a significant fraction of electroluminescence is due to TTA. Significant effects of the magnetic field in Alq 3 -based devices were indeed found by Davis & Bussman [22] , but the TTA involving molecular triplets appeared to be inconsistent with the experimental results. Although a later study [23] pointed out some uncertainties in interpreting the results, these uncertainties were deemed to be unlikely to affect the original conclusion about the negligible contribution of TTA in these experiments.
The delayed emission in Alq 3 -based OLEDs was studied in further detail by Popovic & Aziz [24] , who pointed out important distinctions between delayed emissions due to TTA and those due to recombination of charge carriers retained in the device layers. They proposed application of the reverse bias to distinguish between these mechanisms and explained the intricate differences in experimental responses to reverse bias treatment by the presence of dopants and the hole-transporting material NPB in the emissive layer (EML). Similar to the results of Sinha & Monkman [21] , their experimental technique precluded assessing the actual contribution of the TTA process to the overall electroluminescence. Nonetheless, usage of an optical chopper to prevent detector saturation suggests that the TTA-related emission is quite a minor component of electroluminescence.
Overall, by the mid-2000s, there was no straightforward explanation of the higherthan-theoretical fluorescent OLED efficiencies (figure 1). The TTA mechanism, although not implausible in principle, has not been shown to be capable of producing efficiency gains anywhere close to what is required to explain the increasingly abundant experimental results. The alternative enhancement mechanisms were not ruled out in general and even less so for the growing number of examples of highly efficient fluorescent OLEDs.
Ubiquitous nature of triplet-triplet annihilation in efficient fluorescent organic light-emitting diodes
Taking advantage of a diverse set of readily available OLED devices in Eastman Kodak Company R&D, which pioneered and was actively developing this technology until 2010, we set out to examine the extent of TTA involvement in fluorescent OLEDs. Interestingly, we found that the delayed emission intensity was quite significant in the majority of available devices. There was also a fairly clear but noisy trend: on average, more efficient OLEDs were exhibiting a higher initial intensity of delayed emission. Apart from this general trend, we noticed some systematic differences between devices based on different chemical classes of materials used not only in the EML, but in adjacent transport layers as well. In principle, there was no reason to expect that all the diverse OLEDs would have the delayed emission due to a single mechanism. Therefore, we initially focused on blue fluorescent OLEDs, which to this day are still predominantly used in practical applications, primarily because of their relatively poor durability and colour of the phosphorescent OLEDs emitting blue light. These devices typically employed aromatic hydrocarbons such as anthracene derivatives as the main component (host) in the EML. It is noteworthy that, because of the bimolecular nature, the TTA process requires migration of triplets, which typically occurs via hopping between adjacent molecules. Therefore, the host material can be expected to play a central role in a putative TTA process. Considering the photophysical properties of anthracene in general and the prior observations of TTA in crystals of anthracene in particular, blue fluorescent OLEDs seem appropriate for an extensive study.
Examination of various doped and undoped blue OLEDs showed the substantial delayed emission (initial intensity 3-32% of the normal electroluminescence) in almost all cases [25, 26] . Representative excitations and decays of emission are depicted in figure 2 fig. 11 of [26] .
optical chopper. In all cases we examined, most of the electroluminescence is switched off within a fraction of a microsecond from the time the applied voltage is set below the turn-on voltage, typically 0 or −10 V. By contrast, the delayed emission decays much slower, on a microsecond or, in some cases, even orders of magnitude longer time scale. Because of the large difference in time scales of fast and slow components, it is straightforward to assess the initial intensity of the delayed emission, as exemplified by the arrow in figure 3 . This figure also illustrates an important feature common to all the devices we examined: the delayed emission decay is largely unaffected by the turn-off bias as long as it is sufficiently low not to inject charge carriers. The slight difference between the decays in figure 3 is primarily due the RC time constant of the device affecting the time it takes for the normal electroluminescence to turn-off. The observed insensitivity of the decays to turn-off bias is a strong argument for TTA being the major source of the delayed emission. It is indeed to be expected that the electric field would have no effect on the bimolecular reaction involving two neutrally charged triplets. By contrast, the delayed recombination of the charge carriers potentially retained in the device after turn-off is likely to be affected by the electric field.
Another noteworthy feature of the electroluminescence responses shown in figure 2 is that the electroluminescence rise also shows two distinct components: the fast one, occurring on the submicrosecond time scale, and the slow one, occurring on the microsecond time scale. This is qualitatively similar to the two components of the electroluminescence decay. Again, the fast component is largely due to the device RC constant, although injection and transport of carriers are likely to be significant contributors as well. Unlike with varying reverse bias when turning the device off, there was no clean method to control the turn-on process without affecting the slow component. Nonetheless, the slow component is sufficiently distinct to suggest the TTA process. In principle, assuming that there is a significant TTA contribution, the lifetime of triplets should play a similarly major role in both the rise (build-up of triplet to steady-state concentration) and the decay of the emission. In that case, it should be possible to relate the rise and decay processes quantitatively by variation of the excitation pulse width. In simple terms, if the pulse width is longer than the triplet lifetime, the triplet concentration is approaching its steady-state value and the initial intensity of the delayed emission is asymptotically approaching its maximum value. At the other extreme, triplet concentration is approximately proportional to (shorter) pulse width and the initial intensity of the delayed emission is a quadratic function of the pulse width. Depending on whether the triplets decay predominantly by annihilation, kinetic models relating the pulse width and the initial intensity can be expressed as the two limiting case expressions [26] . Although the experimental data discussed below were generally described quite well by these kinetic models, it is noteworthy that the substantially more general treatments were provided by two research groups [27, 28] .
If the delayed emission is due to TTA, the triplet lifetimes in the 'on' state can be obtained from the kinetic models. A representative relationship between the triplet lifetimes and current densities is shown in figure 4 . Although the lifetime appears nearly constant for low current densities, it is monotonically decreasing above approximately 1 mA cm −2 . This behaviour is consistent with an inherent decay (most likely, triplet diffusion followed by defect quenching) at low current densities and, at high current densities, with either a quenching of TTA-producing triplets by charge carriers or annihilation itself being the major channel of triplet consumption. By contrast, we were unable to describe satisfactorily the pulse width and current density effects in a framework of delayed recombination of charge carriers.
It is instructive to relate the maximum value of the triplet state lifetime in the 'on' state lifetime (approx. 14 µs, in the case depicted in figure 4) to the approximately monoexponential decays observed in the 'off' state, e.g. after several microseconds after turning the device off. As shown in figure 5 , the respective time constants are approximately 5-6 µs and are mostly independent of the pulse width. With respect to current density, there is a minor yet systematic increase in time constants with the decrease in current density. For example, in the case depicted in figure 5 , lowering the current density from 5 to 0.64 mA cm −2 resulted in an approximately 25% increase in the time constant irrespective of pulse width.
Because of the bimolecular nature of TTA, the observed time constant of the decay would be half of the triplet lifetime, which is therefore in the 10-12 µs range. Closely matched triplet lifetimes in the 'on' and 'off' state is another strong argument that the delayed emission is caused by the TTA in this exemplary case.
As mentioned above, the observed effect of current density dependence on the triplet lifetime in the 'on' state can have two explanations in the framework of the TTA mechanism of delayed electroluminescence. In devices with a relatively low contribution of TTA to the total electroluminescence, it is reasonable to assume that the annihilation is never a dominant mechanism of triplet decay and, therefore, the change in triplet lifetime must be due to a current density-related increase in concentrations of charge carriers, which are effective quenchers of triplet states. In fact, hole transport material-and electron transport material-derived charge carriers were directly shown to quench TTA-inducing triplets in several different OLED devices [25, 26] . On the other hand, in the devices where the TTA contribution is high, the consumption of triplets may be second order in triplet concentration and the (pseudo)first-order time constanttriplet lifetime-is naturally changing with current density. Another general observation suggesting the TTA mechanism is the distinct shape of the dependence of initial intensity of delayed emission on current density. As expected, the intensity scales approximately quadratically with current density below a certain point, and approximately linearly above it. The low current density regime is easily explained by the expected first-order decay (radiative and non-radiative) of excited states, which results in the triplet concentration being a linear function of the generation rate (or current density), and the TTA intensity being, respectively, a quadratic function. Obviously, such a quadratic dependence may not persist ad infinitum. As current density increases, the TTA contribution may be expected to turn into an approximately linear function of current density when the TTA becomes the dominant triplet decay process. Interestingly, the same behaviour is sometimes observed even when the TTA contribution is quite low and cannot be expected to dominate triplet consumption. For an example of such behaviour, see fig. 4 in [25] . It is likely that, in such cases, charge carrier quenching is the limiting process that is responsible for approximately linear dependence at high current densities.
In view of the evidence supporting a major role of TTA in delayed emission, the electroluminescence of efficient fluorescent devices is expected to generally consist of two components: the TTA-related one, produced by excited singlets formed from annihilating triplets, and the one due to excited singlets produced directly by regular recombination. The intensity of the former component can be determined from the leading part of the delayed emission and the intensity of latter by subtracting the TTA component from the total intensity. As mentioned above, we observed a general, albeit noisy, trend between the efficiencies of fluorescent devices and their delayed emission intensities. Considering the low end of the trend, it is not surprising that the inefficient fluorescent devices typically have a low TTA contribution too: most shortcomings in device design leading to decreased production or excessive quenching of singlet excited states can be plausibly expected to affect triplet states too. At the other extreme of the trend, we observed that the highest TTA contributions, approximately half of the total emission, were observed in red fluorescent devices with a exceptionally high efficiencies [29] . The efficiency-TTA trend suggests that the efficiency differences may be to a large degree related to the extent of the TTA. By way of illustration, in a set of architecturally similar devices where only the electron transport layer is modified, we observed that there is indeed a clear correlation between efficiency (EQE) and the TTA-related EQE component [26] . As depicted in figure 6 , the slope of the trendline is nearly unity, which suggests that not only is the TTA a significant contributor to efficiency but also that it dominates variations in efficiency in this case.
Within a few years following our findings that TTA is a substantial efficiency contributor [25, 26, 30] , several R&D teams from the major organizations developing fluorescent OLEDs reported similar results in their proprietary, state-of-the-art devices [3, [31] [32] [33] . Also consistent with our observations, the importance of the layers immediately adjacent to the EML was emphasized. Interestingly, despite the large differences in device architectures and the chemical nature of the EML materials, the polymer-based OLEDs benefited from TTA to a similar degree [32, 33] .
Overall, we conclude that the TTA is truly ubiquitous in efficient fluorescent OLEDs. One can speculate that the empirical optimization process, which has efficiency as one of the major drivers, almost unavoidably leads to the development of devices benefiting from substantial TTA-related efficiency enhancement.
Limits of triplet-triplet annihilation-related efficiency enhancement
In principle, the collision of two uncorrelated triplets (T 1 ) in the absence of a magnetic field may result in nine equally probable statistical outcomes, one of which is singlet (S), three are triplets (T) and five are quintets (Q) [34] , Devices are from the set depicted in fig. 11 of [26] .
In contrast to the recombination of charge carriers, where coulombic attraction makes subsequent separation unlikely, a substantial fraction of triplet encounter pairs can separate, thereby regenerating free triplets. In fact, the high endothermicity of quintet state formation prevents annihilation of triplet pairs that would otherwise lead to molecular quintets for many organic molecules, including anthracene and tetracene derivatives [29, 35] . For example, in the case of rubrene, the density functional calculations show that formation of the lowest molecular quintet state from two triplets is deficient in energy by more than 2 eV [29] . This prevents annihilation of such pairs and changes the overall spin statistics as follows:
Considering that the annihilation events resulting in triplet formation will generally consume only one triplet, it is easy to see that the spin statics yield one singlet state per five annihilated triplets. In the context of fluorescent OLEDs where recombination produces 25% of singlets and 75% of triplets, the TTA process therefore may add 75/5 = 15% of singlets and the total yield of singlets may become 40%. As pointed out in the Introduction, it is problematic to measure yields of photons or emissive excited states accurately. By contrast, measuring fractions of excited singlets produced by TTA is quite straightforward. Neglecting various loss processes, which might quench singlets and triplets to a different degree, the maximum TTA contribution is expected to be 15/40 = 37.5% of total electroluminescence based on spin statistics. This value is in good agreement with the experimental results obtained in blue fluorescent devices: the highest reported TTA contributions are approximately 35% [31, 36] , or, more typically, are only slightly above 30%. Because the TTA-produced singlets are subject to the same quenching mechanisms as singlets generated directly in recombination and furthermore affected by quenching of triplets, it is indeed reasonable to expect the experimental TTA contribution to be lower than the predicted maximum. Nonetheless, the differences in spatial distribution of TTA-produced and recombination-produced may, in accidentally or intentionally constructed special cases, result in outcoupling-related suppression of direct-recombination-produced emission [26] . As a result, the experimental TTA contribution may even substantially exceed the 37.5% predicted maximum, but the overall efficiency would be necessarily decreased in those cases. 
branching ratio if most triplet pairs separate:
if most triplet pairs annihilate:
dS 1 /dT n~1 /3 (independent of the k S /k T ratio) Scheme 1. Kinetic depiction of the relationship between the singlet and triplet channels of TTA.
Interestingly, the exceptionally efficient (nearly 12% EQE) red fluorescent OLEDs reported separately by the research groups from Kodak [10] and Novaled [3] appear to exceed the 37.5% limit [29] . Similar to our observations for blue devices, the delayed emission showed all the clear signatures of being TTA-generated, and yet its intensity was approximately half of the total emission in those devices. On the one hand, this TTA contribution, taken at its face value, explains the high efficiency: without the TTA-related component, the EQE is only approximately 6%, which is quite reasonable for a fluorescent device without enhanced outcoupling. On the other hand, the combination of high efficiency and high TTA contribution is plainly irreconcilable with the 37.5% limit derived from spin statistics.
However, the spin-statistical limit only applies if an encounter pair with either triplet or singlet character forms irreversibly and yields a final molecular excited state without change in singlet : triplet probabilities. With such a constraint of irreversibility, the rates of conversion of the encounter pair into triplet and singlet molecular excited states, even if different, would not affect the 3 : 1 ratio between triplet and singlet products. Considering an absence of coulombic attractions between two triplets, there is a plausible alternative that an encounter pair forms reversibly and may regenerate two original triplets even when the annihilation is energetically allowed. In that case, the difference in rate constants of the formation of final singlet or triplet states would change the ratio as according to Scheme 1. Such reversibility was experimentally demonstrated by Merrifield [34] in an example of anthracene where 4% of the encounters of two triplets led to fusion via the singlet channel, 13% via the triplet channel and 83% scatter without reaction. Furthermore, the large differences in the energetics of singlet-and tripletyielding annihilation reactions can be expected to be reflected in the respective rate constants. This appears to be the case for rubrene and structurally related molecules, which are used as hosts in the red fluorescent devices with exceptional efficiencies. The very close match between twice the triplet state energy and the first excited state energy is likely to be the fundamental reason for k T < k S and, consequently, for the large deviation of the spin-statistical ratio in favour of singlets.
An independent confirmation of the substantial violation of spin statistics was obtained in a study of magnetic field effects. Because the magnetic field only affects the singlet channel [34] , it can be used to examine the competition between the two annihilation channels and determine their relative contributions to TTA. Analysis of time-resolved electroluminescence with and without the magnetic field yielded a 1.3 branching ratio, which is substantially higher than the value of 0.33 expected for a purely statistical annihilation process [29] . Interestingly, the branching ratio obtained in this study of magnetic field effects was in excellent agreement with the observed fraction of TTA-related emission in total electroluminescence. It may be concluded that the TTA process in practical fluorescent devices is, at least in principle, capable of more than doubling singlet yield from the classical estimate of 25% to almost (25 + 75/2) = 62.5%. Furthermore, enhancing the singlet channel of TTA opens up the possibility of creating fluorescent OLEDs approaching 100% power efficiency (neglecting outcoupling losses): it has been demonstrated that the rubrene/PTCDI (N, N -ditridecylperylene-3,4,9, 10-tetracarboxylic diimide) heterojunction device produces yellow electroluminescence with low efficiency (EQE approx. 0.1%) and extraordinarily low turn-on voltage (approx. 1 V), which is slightly below half of the rubrene excited singlet state energy [37] . Considering the large energy deficit (more than 1 eV), the recombination is obviously unable to produce an emissive state of rubrene directly in such a device, which led the authors to postulate a rather doubtful Augerlike two-step injection mechanism to explain the nature of electroluminescence. However, the observed electroluminescence can be readily understood without invoking any new mechanisms if one notices that the recombination leading to the triplet state of rubrene is not forbidden by energy, and, furthermore, the rubrene triplets readily undergo TTA to generate the emissive singlet state. In fact, by using a similar heterojunction in doped OLEDs resembling highly efficient OLEDs [29] , we have been able to construct red-emitting devices operating relatively efficiently at similarly low voltages and demonstrate that their electroluminescence is dominated by the delayed component that shows all typical tell-tale signs of TTA (T. D. Pawlik, D. Y. Kondakov 2009, unpublished data) . Even though the TTA in a device of this type cannot produce more than 50% of the excited singlet yield, these singlets may be produced at approximately half the voltage, thereby demonstrating that it may indeed be possible to construct a fluorescent OLED comparable to phosphorescent OLEDs in terms of power efficiency.
Unfortunately, realizing devices with the substantially enhanced TTA requires molecules specially designed to be capable of altering the spin-statistical ratio in TTA. An example of such a molecule is rubrene, which is compatible with the red fluorescent devices as an EML host. No functional analogues capable of performing as blue or green OLED hosts have been reported so far. Therefore, the TTA-related efficiency gains for the devices that are most important for practical use-fluorescent blue OLEDs-are substantially less impressive, with the TTA contribution somewhat below the statistical 37.5% and the total singlet yield below 40%.
In the majority of practical devices, the TTA contributions only slightly exceed 30% in the efficient fluorescent blue OLEDs. It is perhaps an even more typical scenario that the TTA contribution is between 20% and 30%. As mentioned above, it is likely that the increases in the TTA extent were primarily driven by extensive empirical optimizations of OLED efficiencies conducted by various research groups in parallel. If so, why did not such optimization drive the TTA even higher towards the spin-statistical limit? One noteworthy reason is that the empirical optimization of OLEDs is not driven solely by the efficiency. The durability or, more precisely, operational lifetime is another major characteristic of OLEDs that was subject to more than two decades of optimization. Interestingly, the studies of TTA extent in small molecule and polymeric devices revealed that the TTA-producing triplets are strongly affected by operation-related device degradation [24, 32, 33] . As a result, in addition to various loss mechanisms affecting excited singlets irrespective of how they were produced, the TTA-related component of electroluminescence is furthermore decreased by loss processes specific to triplet states. As pointed out by Roberts et al. [32, 33] , this may cause the TTA-related component of electroluminescence to decrease faster than the component due to singlets directly produced by recombination and, therefore, result in a luminance-time curve showing rapid decline until most of the TTA is extinguished. This behaviour is undesirable because it has disproportionately large negative effects on the more important lifetime characteristics describing early luminance decay: the time to reach 97% or 95% of initial luminance, in particular. Consequently, an intentional elimination or reduction of TTA, for example by adding triplet quenchers, can be used to increase the fluorescent device's lifetime, but at the expense of reduced efficiency [32, 33] . Similar trade-offs are probably achieved in the empirical process of OLED device development, which may explain the lower TTA contributions typically found in the majority of practical OLEDs. 
Concluding remarks
Towards the end of the 2000s, the essential role of TTA in realizing highly efficient fluorescent devices was widely recognized. The fundamental features of OLED efficiency enhancement via TTA-molecular structure-dependent contribution maxima and mechanisms reducing them in practical devices as a function of current density [25, 26, 28, 38, 39] as well as the typical antagonistic connection between TTA and OLED lifetime [32, 33] -came to be understood over the course of the next few years. Afterwards, however, there was much less progress with respect to the all-important quantitative details of the TTA mechanism. For example, it is well understood that, for a given OLED, there is usually some current density below which the TTA-related component of electroluminescence declines rapidly (approximately quadratically with respect to current density), thereby contributing to overall efficiency change with current density. Yet there is virtually no understanding of how the device architecture and the properties of OLED materials affect at what current density this change occurs. Even the most basic property-maximum TTA contribution-generally cannot be predicted from the device architecture and properties of OLED materials. There is a striking contrast between the level of activity in developing materials for the singlet fission process for organic photovoltaics (for a recent review, see [40] ) and the fundamentally related process of TTA producing predominantly excited singlet states. It should be emphasized that, to this day and despite the decades of work on improving blue phosphorescent OLEDs as well as the recent advent of the TADF OLEDs, the majority of practical display and lighting OLEDs still rely on TTA for creating blue light efficiently. Considering such practical importance of fluorescent blue OLEDs, the apparent lack of mechanistic understanding and ability to control the quantitative aspects of TTA clearly calls for further enhanced effort in this area. The development of blue-OLED-compatible materials capable of substantially exceeding the spin-statistical limit in TTA, the elimination of the antagonistic relationship between TTA-related gains in efficiency and losses in lifetime, and the design of devices with an extended range of current densities producing near-maximum TTA electroluminescence are currently the areas where improvements would be most beneficial.
